In many problems of data analysis it is necessary to fit the data to a mathematical equation. Random errors of measurement will be responsible for deviations between the data and the equation, but superimposed on this there may be deviations that result from the equation being an inadequate description ofthe system from which the data were obtained. Plots of the residual (i.e. the difference between the experimental and calculated values of the dependent variable) against each of the experimental variables have been previously used to detect a misfit between the data and the equation. In the present paper, we show that the shape of the residual plots may be used as a guide in choosing a more appropriate equation. In addition, residual plots give useful information on the error structure of the data, and hence the weighting factors that should be used in the analysis. The purpose of the present paper is to show that, when data are fitted to the wrong equation, the shape of the residual plot contains valuable information that can be utilized to determine the way in which the equation should be modified to achieve a better description of the data.
In biochemistry, as in other quantitative sciences, it is often necessary to fit experimental data to a mathematical equation or model. This process usually involves minimizing a suitably weighted sum of squares of the deviations between the data and the model. For this purpose, methods of data treatment have been steadily refined, particularly since computers have become widely available. For example, in kinetic studies of enzymes, the simple method of determining values for the kinetic parameters by drawing a straight line through the data in a Lineweaver-Burk plot has largely been supplanted by the more sophisticated methods of non-linear regression, in which the data are directly fitted to an assumed equation. These advances in the treatment of data have largely been aimed at refining the values of the parameters of a particular equation, although the subjectivity associated with the choice of the equation still remains. It is axiomatic that fitting data to the wrong equation will give meaningless values for the parameters, no matter how sophisticated the method of fitting.
The purpose of the present paper is to show that, when data are fitted to the wrong equation, the shape of the residual plot contains valuable information that can be utilized to determine the way in which the equation should be modified to achieve a better description of the data.
Several workers (Anscombe & Tukey, 1963; Haarhoff, 1969; Bartfai & Mannervik, 1972; Reich et al., 1972 Reich et al., , 1974 Storer et al., 1975; Atkins, 1976) have examined the properties of the normalized residual (r) defined by eqn. (1): virtually any curvilinear model would have eliminated the correlation between the residual and the independent variable. In practice, the type of equation would often be dictated by the underlying theory. For instance, a quadratic function might indicate a particular mechanism, whereas an exponential function might be meaningless.
When a residual plot is found to indicate a misfit between the equation and the data, it is apparent that the equation must be modified if it is to be an accurate description of the experimental results. However, it is perhaps not so apparent that the shape of the residual plot can indicate the manner in which such a modification might be made. Frequently, of course, the aim is not merely to describe the data, but also to deduce a mechanism from the form of the equation. Consider, for example, an enzyme kinetic experiment, designed to study the effect of an inhibitor. Visual inspection of the data suggested that the inhibition might be competitive, but, when the data were fitted to the appropriate equation, residual plots revealed a misfit. In principle, the data could then be fitted to each of several other possible equations, each of which would have different mechanistic implications. However, the characteristic shape of the original residual plots itself reveals which of several feasible alternative equations is most likely to be consistent with the data. This process is illustrated below, by using a set of simulated data computed from the equation for hyperbolic competitive inhibition. Fig. 2(a) shows the data, and the fit to the equation for competitive inhibition, and Fig. 2(b) shows one of the residual plots (residual against inhibitor concentration). The curved envelope in which the residuals lie clearly shows that the data are in conflict with the model. Fig. 3 shows the general shape of the residual plots when various types of data are fitted to the equation for competitive inhibition. Comparison of Fig. 2(b) with four plots of residual against inhibitor concentration (Fig. 3, bottom row) suggests that the data are likely to fit the equation for hyperbolic competitive inhibition. Fig. 4(a) shows one of the residual plots obtained when a set of actual data was fitted to the equation for competitive inhibition. The data are for the inhibition of Aerobacter aerogenes prephenate dehydrogenase (EC 1.3.1.12) by bicarbonate with respect to NAD+ (P. K. Dudzin'ski, unpublished work). Clearly, the plot resembles that expected for parabolic inhibition (Fig. 3) . When the data were fitted to this latter model, the residual plot shown in Fig. 4(b diagnostic power. Nevertheless, we recommend that plots of residual against each of the experimental variables should be examined, to ensure that all patterns are consistent with the proposed model. It is a relatively simple matter to generate the residual plots during computer fitting of the data.
In any data-fitting problem, it is essential that individual data points should be weighted according to their expected variance (Wilkinson, 1961; Reich, 1970; Storer et al., 1975) , and residual plots can be used to estimate the appropriate weighting factors. For example, a wedge-shaped plot of residual against the dependent variable (Storer et al., 1975) (Haarhoff, 1969; Duggleby & Dennis, 1974; McMinn & Ottaway, 1977) useful in this connection.
F is calculated from eqn. (2): 
